ABSTRACT A dual polarized magneto-electric dipole antenna with dual wide beamwidths is proposed and investigated. Dual-layer U-shaped electric dipoles are cooperated with orthogonal η-shaped feeding line to obtain dual polarized and dual wideband features for 5G microcell applications. In addition, modified tetrahedral ground together with dual-layer three-element dipoles that are arranged as a triangle array is used to provide dual wide H-plane radiation characteristics. By doing so, a large coverage area and a reduced number of antennas can be achieved at the same time. In order to satisfy the stringent needs of high capacity and low mutual coupling, a three-dimensional (3D) MIMO system that consists of three proposed antenna elements is also designed. The antenna prototypes were fabricated and measured. Measured results show that an overlapped impedance bandwidth of 22.6% (VSWR < 2) with the stable gain of 6.9 ± 0.3 dBi were measured across the lower operating band. As for its corresponding upper operating band, it has exhibited overlapped impedance bandwidth of 19.6% (VSWR < 2) with the gain of 5.4 ± 0.7 dBi. The half-power beamwidths in the H-plane for both ports varies from 83 • to 162 • , and from 90 • to 133 • , respectively. Moreover, a low ECC of 2×10 −4 and the nearly identical MEG can be achieved by the MIMO system due to the 3D design. Hence, the proposed antenna is a desirable candidate for the future 5G microcell applications.
I. INTRODUCTION
In order to meet the growing needs of the fifth generation (5G) mobile communications, the microcell antenna, which is one of the key components of 5G communication system, should provide the various functions such as dual linearly polarization integrated with Multiple Input Multiple Output (MIMO) technology for large system capacity, wide impedance bandwidth for high speed transmission and wide beamwidth for broad coverage area, etc. [1] - [3] . However, few antennas that
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have been reported can possess the above-mentioned features at the moment [4] . By introducing a multi-resonant structure that is exited by two pairs of L-probes, a wide bandwidth of 58.3% with stable gain of approximately 5 dBi can be achieved [5] , but, only a single polarization can be realized. By arranging five dual-polarized ME dipole antenna elements in a cubic box to form a MIMO system, this work in [6] has exhibited dual-mode polarized diversity with relative impedance bandwidth of 39.1%. However, its beamwidth is only up to 65 • . In [7] , V-shaped parasitic patches have been used to couple a dual-layer bow-tie dipole, which results in forming a dual-mode MIMO antenna with high port isolation better than 25 dB. Nevertheless, its beamwidth is no better than 60 • . Generally speaking, there is a trade off among them due to the limitation of fabricated materials and structure design [8] - [11] .
On the other hand, the magneto-electric (ME) dipole antenna, which was proposed by Prof. Luk, has demonstrated the advantanges such as wide bandwidth and stable radiation pattern [12] - [14] , and thus it can potentially satisfy the rigorous requirements for 5G wide-beamwidth communications. The work reported in [15] has arranged three radiating elements on a triangular structure, and due to the equivalent phase difference in far field, composite wide beam width in the H-plane can be easily attained. Although this method is simple and stable, only one linear polarization with a tunable angle ranging from 90 • to 120 • can be realized. By observing the design in [16] , a power divider network with an adjustable phase difference has been used to feed the antenna elements arranged in a linear array. Even though the beamwidth in the H-plane can be adjusted from 37 • to 136 • , it suffers from a narrow bandwidth of 15%. In [17] , two parasitic dipoles with DC lines around a dual polarized ME dipole antenna has been reported, and two tunable wide beamwidth ranging from 80 • to 160 • , and from 72 • to 133 • can be obtained, respectively. Nevertheless, it has a large volume of 240 × 240 × 38 mm 3 and a narrow bandwidth of approximately 10%. Therefore, a dual polarized ME antenna design with wide beamwidth and broad bandwidth is now a topic of interest for the antenna community.
In this work, in order to obtain dual polarized, dual wideband and dual wide-beamwidth characteristics simultaneously in a small size, a dual-layer ME dipole antenna with a modified tetrahedral ground is proposed for 5G microcell applications. Inspired by the works reported in [15] , [16] , and [18] , an antenna structure that composed of a pair of quasi three-element dual-layer ME dipole antenna is specifically designed. However, unlike the previous works, both the dual layer U-shaped electric dipoles and the tetrahedral ground are slantly placed with different angles. By carefully tuning these angles and the related parameters, dual wide beamwidths can be exhibited in the dual polarized directions that varies from 83 • to 162 • and from 90 • to 133 • in the dual desired bands, respectively. In this work, a conformal three-element MIMO array is proposed, and it has a low envelope correlation coefficient (ECC) that can afford high speed transmission without interference in a wide coverage area. With the aforementioned characteristics, the proposed antenna is a potential candidate for the 5G MIMO communications.
II. ANTENNA GEOMETRY AND WORKING MECHANISM
A. ANTENNA GEOMETRY The geometry of the proposed dual-polarized, dual wideband and dual wide beamwidth antenna is shown in Figs. 1(a) -(c). Its corresponding MIMO system is shown in Fig. 1(d) . The dimensions of proposed antenna are listed in Table 1 . To achieve low cost and stability, copper patch of 0.3-mm thick with a dielectric constant of 1 and a loss tangent of 0 is used in this design. Each antenna element is composed of a pair of orthogonal quasi three-element dual-layer electric dipoles, a pair of magnetic dipoles which are made up of two pairs of shorted walls with ground plane between them, a pair of orthogonal η-shaped feeding lines and a tetrahedral ground reflector. The electric dipoles and the magnetic dipoles are excited by the feeding lines, and together they form a ME dipole antenna element to offer complementary radiation patterns in dual polarized directions. Here, the lower frequency band is excited by the upper-layer electric dipoles, whereas the upper frequency band is induced by the lowerlayer electric dipoles. Notably, the U-shaped arms of the electric dipoles are inclined to the outside. Due to the increase electrical length of the electric dipoles, wide frequency band can be achieved. Finally, the inclined dipoles are cooperated with the slant tetrahedral ground reflector to form two pairs of three-element array that is now considered as an antenna unit. Consequently, dual wide beamwidths in dual polarized directions can be achieved. The design process of the proposed antenna element with dual wide beamwidths is displayed in Fig. 2 . As shown in Fig. 1(d) , a conformal MIMO array that comprised of three proposed antenna elements is arranged as a triangular form, that helps to provide a much wider three-dimensional coverage area for high-speed transmission. plane and three wide-beamwidth radiation patterns in the XOY plane can be achieved at the same time.) B. WORKING MECHANISM Fig. 3 shows the current distributions of the proposed antenna element in a period of time for port 1 st at both the lower and upper frequency bands, and for brevity, the ones for port 2 nd are not shown. Here, the current distributions of the electric dipoles are mainly concentrated on the upper electric dipole at 3.5 GHz, whereas the current distributions are mainly concentrated on the lower electric dipole at 4.9 GHz. In other words, the lower and upper electric dipoles are used to yield the upper and lower frequency bands, respectively. Therefore, one can say that dual horizontal linearly polarized complementary radiation patterns can be obtained by ports 1 st and 2 nd , respectively. To describe the principle of the wide beamwidth in dual radiation planes, a pair of ideal three-element triangular arrays that are orthogonal to each other are positioned along the x-axis and y-axis with element spacing d, respectively, as shown in Fig. 4 . Taking the horizontal polarization for instance, assuming the three elements in the horizontal polarization are with the same phase, the far field radiation in the XOZ plane (F(θ )), the normalized radiation pattern f (θ) of a basic ME dipole antena and the array factor AF can be illustrated by the following formulas [19] , [20] : where I 1 to I 3 are the magnitudes of the input signals, A 2 -A 3 is the angular difference between Ant 2 (or Ant 3) and Ant 1 along the X-axis. Here, I 1 is equal to I 3 due to the array arrangement in an isosceles triangle. From these formulas, we can see that the far field radiation in the XOZ plane (F(θ)) and the array factor AF mainly depend on the value of A 2 -A 3 when θ remains constant. By properly adjusting the angular difference of A 2 -A 3 , wide beamwidth can be achieved. Fig. 5 shows the simulated 3D radiation patterns of the proposed antenna element at 3.5 GHz and at 4.9 GHz. It is confirmed that dual wide beamwidths can be achieved in the desired frequency bands.
III. PARAMETRIC STUDY
In order to study and analyze the proposed antenna performance, some important parameters and different structures are chosen to investigate in terms of the 3-dB beamwidth (or half power beamwidth, HPBW) and isolation, etc.. Electromagnetic simulation software ANSYS High Frequency Structure Simulation (HFSS) [21] was used during the analysis procedure. Firstly, different shapes of dipoles including the planar dipole arms (case 1), the inverted V-shaped dipole VOLUME 7, 2019 arms (case 2) and U-shaped dipole arms have been investigated and their results are shown in Fig. 6 . As depicted in Fig. 6(a) , by employing the proposed U-shaped dipole arms, its 3-dB beamwidth is much wider than the others at 3.5 GHz. As the frequency increases, the 3-dB beamwidth of the proposed one is slightly narrower than the other two cases. Nevertheless, the proposed one still has a main beam at boresight direction, whereas the main beams of the other two cases have broken into two lobes at 4.9 GHz, as shown in Fig. 6(b) . Owing to the U-shaped notches etched on the lower dipoles, there is almost no influence on the upper dipoles. Hence, the main beam at the boresight direction of the proposed one has little ripple. To exhibit wider beamwidth with only a single main beam, the proposed U-shaped dipole arms are selected. Fig. 7 shows the effects on the beamwidth when using ground planes with different inclined angle (A 1 ). By increasing A 1 from 0 • to 20 • , wider beamwidth can be achieved across the frequency band of interest. However, increasing A 1 also results in splitting the main beam into two side lobes at the 4.9 GHz upper frequency band. As a trade off, A 1 = 11.5 • is selected as the optimal angle. Similarly, through choosing the optimal angles of A 2 and A 3 , wide beamwidths with little ripple can be achieved. Fig. 8 shows the effects on isolation when applying different types of coupling lines such as the conventional type (Design 1), dog-bone type (Design 2) and proposed bowtie type. Here, the proposed one has yielded better and stable isolation, which is below −30 dB and −32 dB in both the lower and upper frequency bands, respectively. Therefore, the proposed bow-tie cross coupling strips are adopted for the final structure. Fig. 9(a) shows the fabricated single antenna element, and Fig. 9(b) presents the constructed MIMO system that comprised of three antenna elements. The measurement of the antenna element in an anechoic chamber is depicted in Fig. 9(c) . Fig. 10 shows the simulated SWR and gain of the antenna element via port 1 st and port 2 nd . The simulated overlapped bandwidth (SWR ≤ 2) was ranging from 3.28 GHz to 3.93 GHz (18.3%) and from 4.45 GHz to 5.11 GHz (13.8%), with gains of 6.9±0.3 dBi and 5.6±0.5 dBi for the lower and upper frequency bands, respectively. In comparison, the measured bandwidth was ranging from 3.25 GHz to 4.08 GHz (22.6%) and from 4.29 GHz to 5.22 GHz (19.6%), with gains of 6.9±0.3 dBi and 5.4±0.7 dBi for the lower and upper ones, respectively. Because the beam width of the higher frequency band is larger than the lower one's, the antenna gain at the higher band is lower than that at the lower band. The measured results show good agreement with the simulated ones. Furthermore, both the simulated and measured bandwidths are wide enough to cover the 5G lower frequency bands in China. Fig. 11 shows the simulated and measured 3-dB beamwidths of both ports. For port 1 st , the measured 3-dB beamwidths were 83 • and 162 • in XOZ-plane at 3.5GHz and 4.9 GHz, respectively, while the corresponding simulated ones were 110 • and 156 • , respectively. Simularly, for port 2 nd , the measured 3-dB beamwidths were 90 • and 133 • in YOZ-plane at 3.5 GHz and 4.9 GHz, respectively, while the corresponding simulated ones were 102 • and 158 • , respectively. All of the beamwidths have displayed widebeamwidth characteristic in each polarized direction. In general, the measured results are basically in accordance with the simulated ones except the side lobes. The measurement error is mainly caused by the prototype fabrication and the connected cables. Fig. 12 exhibits the isolations between port 1 st and port 2 nd . The simulated isolations were below −30 dB and −32 dB 
IV. RESULTS AND DISCUSSION

FIGURE 15. Simulated and measured radiation patterns of antenna element. (a) 3.5GHz (Simulated). (b) 4.9GHz (Simulated). (c) 3.5GHz (Measured). (d) 4.9GHz (Measured). (e) 3.5GHz (Simulated). (f) 4.9GHz (Simulated). (g) 3.5GHz (Measured). (h) 4.9GHz (Measured).
TABLE 2. Summary of the radiation patterns of the antenna element at different frequencies.
for the lower and upper 5G desired frequency bands, respectively, while the corresponding measured ones were lower than −33 dB and −31 dB, respectively. Even though there are some major errors between them such as the isolation in the lower frequency band, the trends are basically the same. For a microcell antenna, an isolation better than 25 dB is high enough to decouple energy between two neighbouring ports. Fig. 13 shows the measured radiation efficiencies of both ports. For port 1 st , it varies from 81% to 93%, and from 63% to 73% in the lower and upper frequency bands, respectively. The radiation efficiencies in the lower frequency band are higher than the ones in the upper frequency band.
The reason is that the measured boresight angle is 0 • . The inclined angle of the upper electric dipoles for lower band (A 2 ) is larger than the inclined angle of the lower electric dipoles for upper band (A 3 ). As a result, the energy conversion is more concentrated in the boresight direction for the lower frequency band. Besides, the distance between the feeding line and the upper dipoles that generate the lower frequency band is much closer than the one of the lower dipoles. Hence, the energy coupling of the lower frequency is better than the upper one. In general, radiation efficiency better than 60% for a base-station antenna can transform energy effectively. For a MIMO system, the ECC and mean efficient gain (MEG) are the two key parameters to evaluate the correlation and the polarization diversity. Fig. 14 shows that all the ECC parameters (the overlapped curves are not given) are less than 2 × 10 −4 , which mean there is nearly no coupling energy between the neighbouring antenna elements. In addition, the MEG curves are almost the same that signifies the independent and identical polarization diversity. These good performances are attributed to the symmetrical 3D conformal design. Fig. 15 shows the simulated and measured radiation patterns of the antenna element at different frequencies. Owing to the symmetrical structure design and the inherent complementarity of a ME dipole antenna, the simulated and measured radiation patterns of port 1 st and port 2 nd are nearly the same. Besides, the radiation patterns in H-plane and E-plane are almost symmetrical. The measured 3-dB beamwidths (HPBW) in XOZ-plane were 83 • and 162 • at 3.5 GHz and 4.9 GHz for port 1 st , respectively, while its corresponding measured 3-dB beamwidths in YOZ-plane were 90 • and 133 • for port 2 nd , respectively. Thus, dual widebeamwidth radiation patterns in each polarized direction are demonstrated. Notably, the fluctuations in the measured ones are due to the fabrication error. Even so, their varied trends are basically consistent, and all the cross-polarizations are less than −19 dB. As the frequency increases, the measured front to back ratio (FBR) varies from 24 dB to 9 dB, and the deterioration at high frequency are due to high order resonances. As a result, its corresponding gain will also be reduced in the upper frequency band. However, it still meets the demand of microcell communication. Furthermore, due to the better isolation and FBR, there is little change on the radiation pattern of the antenna element in the MIMO system. The detailed radiation pattern characteristics of antenna element for both ports at different frequencies are shown in Table 2 .
The key characteristics of the proposed antenna element and proposed MIMO system as compared with other reported antennas are shown in Table 3 . Here, the proposed antenna element has exhibited dual polarizations, dual wide beamwidths, dual wideband, high isolation and low ECC features. Even though the proposed MIMO system has exhibited lower larger volume size, it can still be accepted by the pratical communication system. It is also noteworthy that very few reported works can simultaneously possess the aforementioned features owned by the proposed antenna element and MIMO system. For example, the work reported in [6] has arranged five dual polarized ME dipole antenna elements on the surface of a cube, and even though dual polarization and low ECC characteristic can be achieved, it suffers from narrow beamwidth and bulky volume. By adopting an adjustable power divider network to feed the three-element ME dipole antenna, the work in [16] has aquired wide beamwidth in the H-plane, but only one polarization can be realized. In [17] , by introducing parasitic patches near the radiating electric dipoles, dual wide beamwidths can be attained. Nevertheless, it has the drawback of poor isolation and bulky volume. Thus, the proposed antenna element with the prominent characteristics can satisfy the future high-demanding 5G microcell communications.
V. CONCLUSION
A dual polarized dual wideband ME dipole antenna element with dual wide beamwidths and a small size has been successfully investigated for 5G microcell communications. By arranging two pairs of three-element dual-layer antenna in an inclined modified tetrahedral ground, dual wide beamwidths that are up to 162 • with both overlapped bandwiths of 22.6% and 19.6% can be achieved in dual polarized directions. Due to the bow-tie shaped coupling feed lines, high isolation better than 30 dB can be realized in the whole operating frequency band. Furthermore, because of its conformal and symmetrical design, a low ECC less than 2 × 10 −4 and nearly identical MEG can also be acquired by the proposed MIMO system. In conclusion, the proposed antenna element and MIMO system with the abovementioned characteristics would be a potential candidate for future 5G communications. XINYUAN WEN was born in Guangzhou, Guangdong, China, in 1998. He is currently pursuing the B.S. degree with the College of Electronic Science and Technology, Shenzhen University, Shenzhen, China. His research interests include base-station antenna and microcell antenna. VOLUME 7, 2019 
